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ABSTRACT 
Modelling and simulations (M&S) became a big field in all branches of natural sciences within 
the last century. However, even though it is used so widely, there is little information concerning 
what approaches are used while making a model. Our project's main focus is the scientific 
reasoning behind a modelling approach.  
We start by obtaining  knowledge about models and simulation. We define two modelling 
approaches, namely minimal (simplified) and realistic (detailed). To help clarify the differences 
between these approaches we choose two different models of bitumen made by two different 
research groups. We interview and analyze papers from these groups using our knowledge about 
models and simulation. From this case study we find that there are a few main features that play 
a major role in the modelling process, such as educational background and experience of the 
researcher, together with the purpose of the model and existing limitations (computing power 
etc.). 
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INTRODUCTION 
Modelling and simulations (M&S) are widely used in natural sciences. Modelling is the process 
of representing some natural system, with use of mathematical equations. Simulations show how 
these models change, usually with respect to time. Today, this is normally done using a 
computer. However, simulations have been around since before computers appeared in human 
history. For example, during the Second World War, pilots trained with analogue flight 
simulators. Philosophy of computer simulation (area of our project) branched off from 
philosophy of science when computer simulations (and computers in general) became a more 
popular tool in scientific research. 
The project area is models and simulations. The project's main focus is modelling approach and 
the choices made, in order to create a model relevant for the researcher's needs. An example in 
Physics could be the choice between classical force laws and quantum-mechanical methods 
when modelling a physical system. Both options are applicable but each requires a different 
procedure, so a scientist's decision influences the whole research. Therefore it is worth 
considering what models can be used for and how much a scientist's approach affects the process 
of modelling. 
A computer operates in discrete steps, which have no fixed size and can be as small or as large as 
needed. With sufficiently small steps calculations appear to be continuous. An example of using 
discrete steps is your television screen; the moving picture you see is not technically moving in a 
continuous way, it just appears to be. This is because each consecutive picture (frame) is 
displayed so soon after the previous one that it creates an illusion of continuity. Simulations 
usually represent change as a function of time, but time is continuous and as computers cannot 
work with continuous information, time is cut into pieces called time steps.  A computer's power 
limits how large and how many time steps can be made in a certain period. A less powerful 
computer would be able to make the same simulation as a more powerful computer, but it would 
take longer to create the simulation due to all the calculations that have to be made between each 
time step. In the discussion we discuss the influence of time steps. 
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In the Theory section of our project we first introduce characteristics of models, based on 
existing literature on the philosophy of modelling and simulations. We start by defining what a 
model is and what kinds of models there are. We then write about construction of a model, its 
function, further development, differences between a model, theory and an experiment and in the 
end what we can learn from models. Next section talks about computer simulation and popular 
techniques used in this field. Later comes section on modelling approaches and how they affect 
researcher's work. The two next parts cover definition and examples of minimal and realistic 
models. The last part of Theory focuses on verification and limitation in modelling. It gives a 
closer look at different verification processes in science, particularly in computer simulation.  
To exemplify our theory we apply it to the specific case of modelling bitumen. We chose the 
case of bitumen, because we had a unique opportunity to work with the research group from 
Roskilde University that researches this field.  Bitumen, also known as asphalt, is a sticky, black, 
semi-solid form of petroleum. It is one of the major components in the making of roads, where it 
is used as the binding agent. Bitumen contains up to millions of different organic molecules, 
varying in molecular mass, and polarity. Its precise molecular composition is not known and 
depends heavily on the geographical source of the bitumen (Lemarchand 2013 a). According to 
European Asphalt Pavement Association bitumen based roads have many advantages over other 
types. These include: cost efficiency, safety, durability, fast construction, recyclability, 
flexibility, noise reduction, good water drainage.  
In the Case Study we analyse two different groups modelling bitumen. For simplicity we will 
name the two groups by one of the main contributors to each work. We name the Group from 
Roskilde University Lemarchand's group, after our contact person Claire Lemarchand, one of the 
researchers from the Glass and Time research group. The other group we name Greenfield's 
group, after Michael Greenfield, researcher from University of Rhode Island. The two research 
groups will be introduced in more detail in the Case study. For information on other groups 
working with modelling bitumen see Appendix 2.  
Firstly, we analyse both groups in the Case Study by looking into theirs published papers. We 
extract information on description of theirs models and modelling approach, level of 
simplification in their work and what verification methods they used. Finally, to confirm our 
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findings we conduct interviews with both researchers. Interviews can be found in the Modelling 
approach section of the Case Study.  
In the Discussion we then apply our knowledge from the Theory to elaborate on the examples 
from the Case Study. We discuss what can be established about these two approaches to 
modelling bitumen, how they compare and how they fit into the theoretical framework of 
creating models we presented in the Theory. 
Lastly, in the Conclusion, we give a brief overview of what we have written in all the previous 
sections, with a focus on our findings in the Case Study. We also recap the most important points 
from the Discussion. We then look at what we have achieved with our paper, in respect to our 
research question. 
In our project we use some terminology from the fields of computer simulation and philosophy 
of science. Familiarity with them may be necessary to understand major sections of our work. 
For our explanation on some of them please consult the Glossary in Appendix 1. 
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PROBLEM FORMULATION 
What is the scientific reasoning behind simplification in molecular dynamics simulations of 
complex liquids? 
SUB QUESTIONS 
What is a Model? 
What is a Minimal/Realistic Model? 
Why use a Model? 
What are the implications of using a minimal/realistic model? 
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THEORY 
MODELS – DEFINITION AND CHARACTERISTICS 
In the following section we will introduce the reader to models since we are trying to understand 
why scientists use models and simulations the way they do, therefore we need to have a basic 
understanding of what models and simulations are and how they are made. With that acquired 
knowledge we can discuss which approaches researchers use in their work of obtaining models 
and why. 
DEFINITION AND KINDS OF MODELS  
The importance of modelling in today's world is undeniable. It is impossible to present any 
statistics on the frequency of models or simulations, simply because they are a fully integrated 
part of natural sciences, engineering and arts. But what is a model? How can we characterise it?  
First of all, there is a wide spectrum of work done by scientists and theoreticians, that is referred 
to as modelling. In general, the word is used to describe an object being a miniature of another, a 
skeleton of a work or a creation, a design, an imitation (Oxford Dictionary 2015). All these 
involve some kind of representation.  
Due to the variety of meanings and realisations, it is difficult to put all existing models into 
exclusive categories. Below, we will mention a few classifications of models proposed by 
philosophers (of science).  
Charles Peirce, American philosopher from XIX century, divided all representations (models) in 
three types: iconic, symbolic and indexical. Iconic representation means similarity to the original 
(a portrait is an iconic representation of a person), indexical means a causal relation with the 
original (represents it by picturing its cause, e.g. smoke is an indexical representation of fire) and 
symbolic means a conventional representation (lightbulb is a symbol of electricity) (Suarez, 
2009).  
The classification introduced by Frigg and Hartmann (2012) includes a higher number of types, 
but at the same time it specifies the materiality of models (whether they are objects or fictional 
creations). They are said to be physical objects (e.g. plastic skeleton of a human), fictional 
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objects (e.g. model of isolated population in biology), set-theoretic structures (e.g. model of a 
society that groups people in classes based on psychological profiles), descriptions (e.g. model 
describing what might be happening inside a black hole), equations (e.g. ideal gas model, 
represented by the equation of state) and combinations of any of these types. Physical models are 
the 'material models', any physical objects that serve as a representation of something else. 
Fictional objects are fictional entities. Set-theoretic structures are often referred to as 
'mathematical models', because they are commonly applied in mathematics; these models are 
always a structure of some kind (set theory in mathematics is about collecting all elements in 
sets, in a systematic way). Descriptions are models, which have a form of written descriptions of 
real ('target') systems. Equations are another group of theoretical entities considered 'models', e.g. 
in economics, where an equation can account for a number of predictions and assumptions, put 
in a neat formalism.  
In philosophy of science, a model is closely related to a theory (that it is based on or which it 
represents). Therefore, comparison of definitions of a theory and a model gives a new insight 
into the nature of models. We will touch upon it in a later section (see section 'Model vs Theory 
vs Experiment').   
In our study case, we will analyse two examples of scientific mechanical models. These are a 
kind of models that explain mechanisms of natural phenomena. Their focus is on reconstructing 
the natural process with 'artificial' methods, e.g. using a computer program to show how human 
muscles move during a walk. 
CONSTRUCTION OF A MODEL  
Due to the variety of models, it might be difficult to describe a general structure of models, a 
meta-model of models. As it was said before, all models are a representation of something else, 
either data or phenomena. However, representation is still an unspecific term and it needs 
characterisation.  
R.I.G. Hughes (1997) recognizes three main components of a scientific representation: 
denotation, demonstration and interpretation. Denotation means assigning each part of a model 
its function, reference to a real object or mechanism. It does not have to be physically similar to 
the ‘original’ object. On the contrary, sometimes a 'disanalogy' (physical difference) between a 
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reality and a model might bring more knowledge than an analogy (S. Toulmin, 1953). For 
example, exaggerations in caricatures show the significant parts of a system, rather than simply 
showing what the system looks like. Demonstration means a presentation of the model and, at 
the same time, presentation of the modelled phenomenon. Finally, interpretation means drawing 
conclusions from a built model. Hughes stresses that first after interpretation of a model the 
author can see whether his theory is correct and adequate to the phenomenon represented.  
The modelling process described by R.I.G. Hughes has a regular structure: to create a model, one 
has to think first about elements of the model, then about the relationship between those elements 
(considering the analogy to the target system (see Glossary in Appendix 1)), then display it and 
wait for a feedback whether it is interpreted in the way author intended. However, the 
mechanism of creating a model can also be considered intuitive. 'Model building is an art and not 
a mechanical procedure' (Sarkar, Pfeifer, 2006). This suggests that this process may depend on 
the field of science it is used for.  
Glennan (2005) suggests that a mechanical model consists of two types of description: 
behavioural and mechanical; the first presents the behaviour of the modelled mechanism, the 
second a mechanism that would account for the behaviour. Such a classification of mechanical 
model's elements gives much room for various techniques and parameters that could be used to 
realise an idea for a model. We would like to end this section with a conclusion that although 
there exists a general pattern for models, the final form depends on the purpose of a model. That 
means, the purpose of a model strongly influences decisions the author has to make. 
FUNCTIONS OF MODELS  
According to Frigg and Hartmann (2012), we can distinguish two main representational 
functions of models. First, a model can be a representation of a part of the world, so-called 'target 
system' (e.g. model of a human brain). Secondly, a model can represent a theory, interpreting 
existing laws and axioms (e.g. model of a magnetic field). Those two characteristics are not 
exclusive; there exist models having both of these functions (e.g. model of weather shows both 
the weather over a humid area (target system) and the relation between rainfall and humidity 
causing it (theory)). 
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A slightly different classification of models' functions, proposed by Andreas Tolk (2013), brings 
more focus to the scientific outcome of a model. He observed that modelling is used either to 
apply knowledge (e.g. in training or teaching) or to gain new knowledge (e.g. in simulating, 
experimenting or analysing).     
The answer to the question about the functions of a model depends on the (scientific) field and 
the purpose of authors. Motivation to build a model comes from a need to represent and 
understand something, whether in biology, astrophysics or mathematics. The tools used are 
dependent on whether the model should resemble the reality as close as possible (e.g. a model of 
blood circulation system in biology), include all possible inaccuracies of a particular formula 
(e.g. investigation and estimation of uncertainties and errors in applied physics) or present a 
general relation between some parameters (e.g. mathematical curve fitting) or universal 
mechanism behind a phenomenon (e.g. description of projectile motion in Newtonian physics).  
In our project we focus on two extremes of mechanical models: one is a simplified, tending to 
universal, descriptive model; the second is a realistic model that makes room for diversity of 
elements and resulting inaccuracies. We will discuss later whether these two models can have 
similar functions and analogous results. 
LEARNING FROM MODELS 
In 'Models in science' (2012) Frigg and Hartmann stress that the 'translation' of a model depends 
on the representational function of models. They claim that different kinds of representation 
(similarity, analogy, simplification) imply different kinds of learning. This is a very intuitive 
explanation that would be hard to specify. For instance, a realistic model can directly convey 
knowledge (e.g. how a protein mediates some chemical reaction), whereas model based on 
analogy may require some reflection, before any conclusions can be drawn (e.g. analogy between 
a piece of rubber and a spring). 
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MODEL VS THEORY VS EXPERIMENT   
Traditional scientific knowledge is typically described in terms of theory (scientific statements) 
and experiments (collecting data). In the 20th century, philosophers of science discussed the 
relation between the two. Logical positivists emphasized the verification of theory with 
experimental results. Karl Popper introduced the concept of falsifiability of theories. Where 
should modelling be placed? As mentioned in previous sections, model can either represent a 
theory or explain collected data. This makes the modelling lie in between.  
A possible relation between a model and a theory is proposed by Suppes (1960). He defined a 
theory as a 'linguistic entity consisting of a set of sentences', whereas a model is 'a non-linguistic 
entity in which the theory is satisfied'. This approach sees a theory as more general than a model, 
which would be an example of theory's application. Moreover, he stated that 'a definition in the 
theory cannot be given for a single model, but must be appropriate for every model in the theory 
in order to be acceptable in the standard sense' (Suppes 1960).  
According to Frigg and Hartmann (2012), there are two extreme views of theories: syntactic and 
semantic. The syntactic view (implemented by logical positivists) treats a theory as a set of 
sentences, written in first-order logic with use of axioms (evident premises, not needed to 
explain). In this reasoning, a model is an interpretation of an abstract calculus, understood in a 
wider or broader sense. The semantic view (implemented by Suppes) sees a theory as a family of 
models. It denies the usage of formal calculus and makes a model central in scientific reasoning 
and theorizing.  
Although this section may seem abstract and unrelated to the actual research question in our 
project, it is important to understand the relation and difference between a model and a theory. It 
is also a crucial aspect in discussion about verification and validation of models. We should 
understand a model as a representation or application of a theory, but also as an independent 
entity.   
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DEVELOPMENT OF MODELS  
Like George E.P. Box said, 'All models are wrong, but some are useful'. After defining and 
characterising a model, it is necessary to establish the criteria for a model to be correct and/or 
true. We treat it later in a separate section (see: Validation and verification of a model). But the 
dilemma of verification of a model brings up another topic related to the nature of modelling: 
independence of a model. For instance, in science, once a model is created, the scientific 
community may discuss whether the model truly represents the target system, whether it 
contributes to understanding of a phenomenon or collected data. Then there might be a consent 
that the model does not fulfil its function. But the model does not cease to exist. It may not 
resemble its target system well enough, but an effort was done and the model is its product. Does 
it mean that each model has its own value (like a piece of art)? And if yes, what happens when a 
model is overwritten, upgraded, adjusted? Is such a change a violation of existing work or its 
'rescue' from scientific garbage? This is often called an ontological issue (see Glossary in 
Appendix 1). 
Roman Frigg discusses this aspect of modelling in his article 'Models and fiction' (2008). He 
emphasizes two steps of building a model: presentation of a hypothetical system as an object of 
study and claim that this fictional system is a representation of something real (target system, 
mentioned earlier). Frigg focuses on the case when a description or theory about the real system 
fails; a scientist ends up with a model that is not relevant, because it was 'modelled' according to 
the previous description of the target system.   
Frigg argues that the similarity holds between a model and a described structure from the reality, 
not between a model and the real world. He refers to numerous philosophers treating models as 
'intellectual constructions' (N. Cartwright, 1983), 'abstract entities' (Giere, 1999). The article 
shows the author's effort to show similarities between literary fiction and models. Using this 
metaphor, existing models would have value regardless of their (scientific) audience or actual 
usefulness.  
Finally, the question whether upgrading a model is an act of violation, could be answered from 
philosophical and realistic points of view. In science it is common to restate one's opinion or 
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scientific theory, in pursue of the truth or, at least, better approximation. At the same time, using 
Frigg's concept, a finished piece of literary fiction is not modifiable after publication (usually). 
COMPUTER SIMULATION  
Due to the rapid development of technology in recent years and variety of advanced 
opportunities computers give us, scientific modelling became closely related to computer 
simulations. Most of the models in natural sciences are not only tested (simulated), but also 
written and developed digitally. Broadly speaking, the simulation process became synonymous 
to modelling. In the cases we present later in this project, a computer simulation is also an 
important step of the modelling process. Therefore, we decided to introduce briefly some aspects 
of philosophy of computer simulations. But before that, we would like to present two simulation 
methods that are relevant to the case study in our project: Monte Carlo (MC) and Molecular 
Dynamics (MD).   
Monte Carlo simulations are used for calculating statistical properties of mathematical models, 
by executing computer algorithms based on randomness; however, this randomness is not a 
property of the model itself. There are different algorithms within Monte Carlo simulations, for 
different statistical ensembles (that is, with different parameters fixed). Monte Carlo simulations 
are time-independent – they are used to test probabilistic properties of the model, not behaviour 
of the system with respect to time (as the next method we present does). (Allen, Tildesley 1987) 
Figure 1 shows an application of Monte Carlo algorithm to calculate the π number. 
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Figure 1. Application of Monte Carlo method. First a probability function is defined (related to finding a point inside the quarter of the 
red circle). Then, the number we are trying to find is expressed as an integral including the probability function. Finally, using a 
computer program (in this case, GNU Octave) a statistically most common outcome is calculated. Notice: the bigger the 'sampling' S 
(number of repetitions of the calculation), the more precise the outcome (here we know which result is closer to the truth - exact pi). 
(Source: http://www.juergenwiki.de/mcmc) 
Molecular Dynamics is a tool to simulate time dependent behaviour of a molecular system. It is a 
standard simulation method for dynamics, thermodynamics and structures of molecules 
(Winsberg 2013). It bases on solving ordinary differential equations of motion for the system 
with a so-called 'finite difference method'. The procedure is as follows. First, we have to state the 
values for molecular positions, velocities and other dynamic information at time t. Then, using 
the equations of motion, step-by-step, we attempt to obtain the values for the same parameters at 
time t+δt, sufficiently accurate. The time interval δt should be significantly smaller than the 
typical time taken for a molecule to travel its own length. It has to be chosen carefully – too large 
intervals may fail to show the behaviour of molecules, too small may slow down the simulation 
significantly and make the costs of the calculation increase (because for every step δt, all 
equations need to be solved to proceed in the simulation). The choice of the time interval, 
together with the choice of physical detail a researcher decides to include in the simulation, are 
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two major factors influencing the costs and time, as well as the final outcome.  (Allen, Tildesley 
1987) 
Figure 2 is a flow chart that shows a standard execution of the MD algorithm. 
 
Figure 2. Flow chart shows a simplified procedure of MD simulation. The purpose of this figure is to illustrate the timesteps, Notice that 
the choice of a time step δt determines the outcome in almost each step. (Source: Wikipedia/K. Nordlund) 
There are two terms that are commonly used in Molecular Dynamics simulations (also present in 
our case study), coarse graining and periodic boundary conditions.  
Coarse graining refers to the scope of detail in a simulation. It is contrary to modelling singular 
molecules and computing all functions for a few of them on a very short time scale. That is, 
coarse graining means particles have been 'simplified' in their form (for example, merged in 
bigger structures with averaged properties). This process allows to compute algorithms on a 
bigger time scale (over one millisecond) and a higher number of particles (as much as one 
million atoms) (Allen, Tildesley, 1993). The resulting coarse-grained simulation is less accurate 
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in physical detail, but is faster and less expensive to run. An example of simulation, in which 
coarse graining is common are studies on folding of large proteins.  
A special case of coarse graining that we mention in our case study is a united-atom model. It 
means that all hydrogen atoms in the molecule are lumped together with carbon atoms and so 
'hidden' in the structure, for example a methane molecule (CH4) is represented as a single mass 
point. It is done for the same purposes as coarse graining. 
Figure 3 shows an example of applying coarse graining in a computer simulation. 
 
Figure 3. An example of coarse graining of a system. Overall, the resulting picture (on the right) looks clearer and more concise.  
(Source: Forschungszentrum Jülich) 
Periodic boundary conditions is another method used in order to simulate a higher number of 
molecules. The system under study is modelled as consisting of a number of identical 
compartments with the same particles and parameters. These units can exchange particles, 
volume, energy etc. with neighbours, but as they are identical, they behave the same. In 
simulation algorithms, the computations include a number of such compartments. This way of 
simulating behaviour of bigger systems has obvious advantages, such as saving time and money. 
(Allen, Tildesley 1987)      
 
 
Page 18 of 65 
 
Figure 4 shows a graphical representation of periodic boundary conditions and Figure 5 an 
example of MD simulation box. 
  
 
Figure 4. Simple representation of periodic boundary conditions; the cells are identical, with x parameters; simulating processes in a 
single cell and repeating it m times in 2D allows for a simulation of larger systems with less effort than standard modelling. (Source: our 
drawing) 
 
Figure 5. Example of MD simulation box. (Source: JPhysB, Keefer et al.) 
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Computers are great scientific tools: they can store huge amount of data, perform long 
calculations in a very short time, help visualise ideas, test theories, simulate processes, 
communicate and share findings with other researchers (Frigg, Reiss, 2008). According to many 
philosophers of science, the power of computers raises many epistemological (see Glossary in 
Appendix 1) issues (Rorlich 1991, Galison 1996, Winsberg 2001, Humphreys 2004). Frigg and 
Reiss group them in four categories. The first issue says that simulation (likewise to modelling) 
interferes with a traditional relation between theory and experiment. It has properties of both, and 
so needs its own philosophical characterisation (it is a so-called methodological issue). The other 
three claims are: metaphysical - simulations perform tests in some kind of parallel worlds, where 
the conditions differ from reality; epistemic - simulations require a new understanding of 
methods used to acquire knowledge; and semantic - simulations require new verification 
standards, checking if the simulation output relates to real phenomena (Frigg, Reiss, 2008).  
According to Frenkel (2012), there are myths and misconceptions brought by simulations. He 
mentions many scientific examples in which simulations need to be performed carefully. One is 
especially relevant to our project: Frenkel stresses the scale of (molecular) simulations. Although 
periodic boundary conditions (explained earlier) may seem attractive, there exist other small-
scale effects that cannot be limited or included easily. Extrapolating the simulation to 
macroscopic sizes may mislead researchers (and bring false results).  
When it comes to relation between a model and a simulation, Craig Aumann (2007) claims that a 
model and the process of modelling is most efficient when it is built in a bigger simulation 
framework. That is, it is scientifically beneficial to create a system containing a model, a 
simulation, a set of experimental frames and establish relations between these elements. 
  
Page 20 of 65 
 
MODELLING APPROACH 
In previous sections we presented the classification of functions that a model can have. We 
agreed that the goal of a model determines its form and properties. There is, however, another 
aspect of building models: a modelling approach. It is not an intention as much as it is a ‘style’ of 
modelling. Niss (2005) tries to capture main features of a modelling approach. He lists four 
components:    
1. The overall purpose of modelling: What are the expectations towards the output of a 
model? What kind of knowledge should a model provide?  
2. The organisation of different elements in the supported theory: how the researcher in his 
approach uses one or more models to develop physical understanding of the relevant 
phenomenon  
3. Experimental validation: How far is a built model verified by empirical data?  
4. Acceptability of a model: What makes a model acceptable or ‘rejectable’ in the 
approach?  
One must understand that a modelling approach is something consistent and typical for a 
scientist or a group of scientists throughout their career. It is like a personal style, a trace of 
behaviour that is characteristic for a certain person..  
Our project deals with different approaches to modelling. As it was said before, we focus on two 
types that we called idealised and realistic approaches. We understand it as two points on a 
‘simplification axis’. It can be discussed whether this kind of ‘modelling style’ can carry the 
name of an approach in Niss’ meaning. Is idealism/realism something contemporary, dependent 
on the phenomenon under study rather than a conscious choice of a researcher? We will try to 
answer this in the section ‘Discussion’. 
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MINIMAL MODELS   
Minimal model is a scientific approach that uses as few variables as possible to represent certain 
scientific phenomena. When creating a minimal model, one looks to create a model where one 
can “oversimplify” to such a level that only the most important features of the given phenomena 
are present and all the rest of the properties will be overlooked as to not interfere with what one 
is trying to investigate. (Batterman 2009).  
 As R. W. Batterman stated in his work, he believes that these simplified (minimal) models can 
actually better represent and explain the dominant features of the model, as opposed to the more 
realistic models, where one tries to create the most detail and add as much variables as one can. 
(Batterman 2009).  
One of the most important things one has to keep in mind when creating a model is that one first 
has to be able to identify what it is exactly that one wants to investigate. Only when this is 
fulfilled and one has a clear understanding of what is the phenomena being investigated, only 
then one can proceed to simplification and realizing what can and what can not be thrown out of 
the equation.   
Sometimes using a minimal model, where one has to simplify a lot, is just the only option one 
has. If we consider that one might not have all the knowledge one needs to create a realistic 
model or the limitation of computing power of current computers, time scale and length scale, 
which are at current time considerably small (though much bigger than 10-20 years ago). One 
has no other option than to simplify as much as possible to be able to create a model that would 
work in the first place. This is a big part of what one has to consider when making a minimal 
model. Sometimes there is just no other option.   
A big part of minimal models and simplifying to an appropriate level is making assumptions. 
This is actually no different from many of the other scientific works, as in so many cases 
assuming that something is expected to happen according to an educated guess leads to an actual 
explanation of what really is happening. Minimal modelling is no different. In order to make a 
good simplification of a model, one has to sometimes assume a phenomenon to follow certain 
rules. If these assumptions can explain a given problem, they can be considered correct. 
(Batterman 2009).  
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As Batterman states: “The most important feature of the phenomenon of interest is its 
repeatability” (Batterman 2002). This is to say that a model must have the possibility to repeat 
the phenomenon multiple times when varying the values to a certain extent. A model has to be 
repeatable if considered correct.    
REALISTIC MODELS   
Batterman refers to realistic models as the 'traditional view' (Batterman 2009). A realistic model 
is a scientific tool based on the possibility to model/simulate the case/study with as many 
variables included as there is in the reality. Realistic model is commonly used by researchers 
with background focused on the practical side (e.g. engineers) who try to give answers to the 
problem with tools that are considered to be realistic in their eyes. When (s)he is using this kind 
of model one aims for the most detailed representation of particular situation/phenomena. If the 
phenomenon is way too complex and a simplified model cannot capture or describe it in a 
mathematical way with satisfactory results one should consider adding more variables into the 
model or changing variables what are already in there  (Batterman 2009). If this process fails we 
need to add more variables or again change those what are already in there. One should have in 
mind that it is important to consider if the base (part of that particular model before we started to 
make it complex) is valid. Otherwise we end up building a complex model which will never 
mathematically describe the phenomena because of the wrong base. 
Different complex models involve different modelling approaches. Whether one wishes to 
predict behaviour of phenomena or just describe and visualise them, (s)he needs to understand 
complexity of his phenomena of interest. Sometimes (s)he needs to use minimal modelling 
instead of complex modelling. But regardless of one’s choice both models have to have valid 
basis thus one will not end up working with completely wrong tools. There is not a strict line 
between realistic and minimal models. It is the approach of scientist's mind that determines if we 
look at his model as realistic or minimalistic. It might be the that one decides to make a realistic 
approach to the phenomenon but he does not have all the information needed to build a realistic 
models so (s)he includes everything (s)he knows but (s)he is still somewhere in the middle 
between having realistic model and minimalistic models. There comes a question if we look at 
this as realistic model or not. But if we look at his mental approach we see took the realistic 
'traditional' approach. 
Page 23 of 65 
 
COMPARISON OF MINIMAL AND REALISTIC MODELS 
In order to clarify the difference between minimal and realistic approach to modelling, we give 
Tables 1 and 2 that will give a better overview of the differences between the two approaches. 
Including another term experiment, which will be used as a reference point in the two cases, 
supports this comparison. By experiment, we mean a scientific activity of gathering data outside 
computer simulations. Explanation is given in the text after the tables.  
Level of 
simulation  
Minimal  Realistic  Experiment  
Generative 
mechanism 
Manipulated data  Pure data  Real world  
Applied theory  Most essential theory  All possibly relevant 
theory 
Natural laws  
Level of detail  Simplified  Complex  All existing detail. 
Representation  Represents chosen 
phenomena only  
Represents as much as 
possible  
Represents the entire 
thing  
Table 1 (Summary of the definitions used to distinguish Minimal and Realistic Models, with Experiment as a reference point) 
Examples: 
 Minimal Realistic Experiment 
Example from 
physics  
Molecules as springs, 
interaction with only 
Newton's laws applied  
Molecular structure and all 
forces, relativity, etc. 
Real 
molecule  
Example from 
mathematics  
 Instead of using π, use 
3,14  
As close as you can get to π  Exactly π   
Table 2 (Examples of Minimal, Realistic Models and Experiment) This table gives a short overview of the differences, between the 
minimal and realistic modelling approaches. There are four different aspects in which these two differ.  
First of all there is the generative mechanism. By generative mechanism we understand the way 
that data is being treated and implemented into the model. We can use the "manipulated data" in 
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minimal models, for example numbers being rounded and averaged into values that are essential 
for the phenomenon to be explained, for example  it is easier to make a circle with pi being 3.14, 
in stead of using the real value with has a infinite number of digits. See further examples in 
Table 2. A close approximation is enough for the purpose of the model. On the other hand the 
data used for the generative mechanism in a realistic model is taken directly from the 
experimental data without modification. Finally, in an experiment a researcher can influence 
only the parameters, but not the outcome (in our understanding, the researcher can not change 
the real world). 
The second aspect that we mention is the applied theory regarding minimal and realistic models. 
In minimal models the theoretical knowledge that is used is only the most essential knowledge 
that is crucial for explaining or understanding the phenomenon that is being studied and nothing 
else. In realistic models however, the theory that is being used may also contain some of the 
aspects of the phenomenon that may or may not be completely necessary for the model. For 
example relativity theory might not be needed in molecule model. Within the experiment there is 
no theories that one can support - there are only the natural law that govern the real world. 
As for the level of detail, we look at two different ways that the parameters, values, and other 
features are implemented in these models. In minimal models one tries to only include what one 
sees as necessary and generalizes in many ways to be able to accurately explain what is 
happening. for example see molecules as springs with Newton's laws applied. In realistic models 
one tries to add as much detail do the model as possible in purpose of creating a much more 
accurate model. In the real world the experimenter can not decide what details are included. All 
detail in existence will be included whether the researcher knows of its existence or not. 
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VERIFICATION OF MODELS   
INTRODUCTION  
In this paragraph we are going to describe verification process of simulations done in modelling.  
It is a process of verifying claims about model's results accuracy, and as such is a necessary step 
in model creation. Verifiability of a model depends on its intended purpose and how it relates to 
the natural system it represents. One of such relations is the level of simplicity (Dee 1995). In the 
literature on simulations, validation and verification are often used interchangeably and for the 
purpose of this paper we are going to assume they are synonymous, and therefore only use the 
term 'verification'.   
THE IMPORTANCE OF VERIFICATION   
Simulations are a huge part of modern science. They are used to help learn about systems that we 
cannot mathematically determine. They can predict interactions between molecules, forecast the 
weather, even help predict changes in the economy. The model does not have to be limited to 
current situations, one might use it to make a prediction as to what would happen if something 
occurred, for example what would happen to the climate if a meteor hit Earth. As such the 
reliability of these models is extremely relevant. If you cannot rely on the model then why use it 
at all. The way that we determine that a model is a reliable source of knowledge, is by verifying 
the model.    
Simulations are constructs that predict behaviour or describe a system. These constructs are 
completely designed by the modeller. Given that the model is a product designed by a person, it 
is possible that the model is an incorrect representation of the system being modelled. This is not 
necessarily the fault of the modeller. It could be that the information available is inaccurate or 
that there simply is no available knowledge for the modeller. To get the simulation to work 
correctly the modeller must then modify the simulation in small steps until the simulation shows 
the expected outcome. The expected outcome is found by experimental data, or sometimes by 
other accepted models. This modification is considered relativistic and is explained later.    
Simulations are limited by the computer power available, therefore models need to be simplified 
to allow the simulation to run for a reasonable length of time. If it took three days to predict the 
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next 24 hours of weather it would not be a very useful tool. Another problem occurs is that the 
more advanced the model is, the more things can go wrong and the harder it is to find out what 
part of the model caused the problem. Often a simple model will give a more accurate result for 
this reason. It is important to be careful to not oversimplify the model as the result will likely be 
considered to be too unrealistic to be believable.    
Some of the ways a model is verified is described in the next section.   
METHODS OF VERIFICATION  
Throughout history there have been many different positions in philosophy of science on 
verification of scientific theories and computer models in particular. Following Kleindorfer 
(1998) we can distinguish two main categories of verification process - objectivism and 
relativism (also called foundationalism and anti-foundationalism). According to objectivism 
there is a unique, ultimate basis, on which the model has to be resolvable in order to be 
verifiable. In objectivism verification is absolute - no human judgement or decision can alter its 
process. Relativism centres around the fact that it is not possible to make a model (or verify it) 
including all the different factors and effects involved, and therefore human judgement or 
decision making can never be avoided. The verification process is relative between models and 
depends on the situation - who is the maker and recipient of the model, what kind of data is used 
as a source, what results one wants to achieve.    
Examples of the two verification philosophies can be find in the literature. Naylor and Finger in 
one of the first, and most influential, papers on verification in computer modelling (Naylor, 
Finger 1967) gave three examples that illustrate well the differences between them. Two major 
positions in objectivism are rationalism and empiricism. Coming back to the definition of 
objectivism as having an absolute basis, in rationalism this basis is coming from rational thought 
- self-evident ideas and logical deductions form unquestionable truths. Empiricism on the other 
hand, bases verification process on direct experience coming from experiments and observations. 
Empiricism refuses to accept any assumptions that cannot be empirically (experimentally) 
verified. Example of relativist philosophy would be positive economics. According to this view 
verifiability of a model depends on its ability to predict the behaviour of a system its simulating. 
A model is verified when produces results conforming with observed data. It is a type of 
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philosophy derived from, and mostly used in, economics and as a characteristic feature it is not 
interested in describing what is really happening in the system, but rather in truthfulness of the 
results.   
Over the course of history there was a heated debate between objectivists and relativists. It's 
origins in philosophy can be traced back to ancient Greece. Since then most philosophers picked 
one of the sides, without considering any kind of compromise possible. (Naylor, Finger, 1967) 
Recently, however, there have been continuous efforts to combine features of both positions. It 
became a common practice to seek verification in objective truths of relativism and empiricism, 
but go in it only as far as it is necessary, considering what is simulated and for what reason. As it 
can be seen in more modern papers such as one by Rehman and Pederson from Roskilde 
University (Rehman, Pederson 2012), scientists nowadays do not differ between objectivism and 
relativism. Instead, verification process reminds more of what Naylor and Finger called 'Multi-
Stage Verification'. It divides verification into stages and then uses various methodologies for 
each stage that suits best a given part. Different verification factors require different verification 
approaches. Rehman and Pederson mentions the following: confirmative validation, 
subvalidation and reference validation. In confirmative validation a model is confirmed by 
observations and experiments (empirical knowledge). Subvalidation concerns large models built 
from smaller models. Large models are verified by confirmative validation of smaller ones. It is 
typically not sufficient by itself. Finally, reference validation is a measure of accuracy and 
precision of a model tested against its best case scenario, i.e. closest to the exact solution. It is 
theoretical in nature and used mostly when the empirical observations are not possible. In such 
case verification is possible, but only to some reference, and this reference has to be chosen 
depending for example on computational power available or complexity of the system in interest. 
An example of this is a simple mathematical pendulum considered as a harmonic oscillator. 
Additionally, all of the mentioned approaches can be further distinguished in terms of external 
and internal verification. External verification is the assessment of how well the model represents 
the system it simulates. It consists of studying both predicted and observed outcome to compare 
with a theoretical principles behind the simulation. Internal validation concerns the mathematical 
abilities of the model. A model is required to be stable, that is, to give consistent results that do 
not fluctuate too much with changing initial conditions.  
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LIMITATIONS 
A simulation is limited by a multitude of factors. One major limitation is processing power. This 
will likely always be a problem to some degree. It is nearly always possible to make a model 
more detailed. In the case of Bitumen, you can increase the types of molecules present in the 
model, increase the total number of molecules, increase the length of time you wish to simulate, 
decrease the time step (e.g. more precise dynamics), use a more advanced method to describe 
molecular forces. Given this limit it makes sense to focus on those that are believed to affect the 
system. For example if decreasing the time step further does not noticeably affect the end result, 
then changing it does not make sense. Another example could be, does it change the system 
noticeably if a more accurate model for molecules is used, or is it sufficient to approximate the 
behaviour. Do you need to take molecular spin, stretching, and bending into account or is the 
affect on the system so small that you can just average it to each molecule. If it is minimal then 
you save a lot of computer power using an average rather than computing each spin, stretch, and 
bend on each atom in every individual molecule. This is a lot of numbers when you are working 
with thousands or even billions of molecules.   
Creating a model takes time and money. These are practical limitations to making a simulation. 
With time better tools become available for making models, decreasing the time it takes to make 
the model. Dividing the model into sub parts also helps speed up the process as different teams 
can work on different sections. In weather analysis then the models are divided into many sub 
models, for example solar activity, oceans, wind and clouds. This means that instead of replacing 
an entire model you can replace only a part of a model, if you believe you have a better part of a 
model. If the predictions of the model change drastically, you can assume the new part is to 
blame. 
Another limitation is what is known about the system. If you want to make a system that uses 
real world mechanics then you need to know the mechanics the system uses. If you do not know 
the mechanics then you can make guesses and try them, if you get the right answer you cannot be 
certain that you gained the right answer because you guessed the correct mechanics, or that your 
guess has the same effect in the simulation. This can lead to questions regarding the verification 
of your model. Therefore it is better to use known mechanics or simplified versions of said 
mechanics, when possible.   
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The limitations can be based on the method of verification. If it is verified with an objectivist 
viewpoint then the main limitation is how well the material used to make the simulation is 
known. If the known material is insufficient then you cannot make a functioning model. If you 
make adjustments to make it work, then the model cannot be verified using the objectivist view.   
Limitations using a relativist standpoint are mainly based on how well you know the results. As a 
relativist you want to know how well your simulation can give a correct result. To know if the 
result is correct you need a reference. If you do not have this reference you cannot compare your 
result. This initially limits your system, once you have verified it with multiple scenarios, and are 
happy with the results, you can use the simulation to create data that you do not have a reference 
of. Of course there is always a chance that you do not get the correct data.   
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CASE STUDY 
LEMARCHAND'S MODEL 
DESCRIPTION OF MODEL  
Claire Lemarchand belongs to the 'Glass and Time' research group at Roskilde University 
(Denmark). The 'Glass and Time' research group has taken part in the COOEE Project in 2013. 
COOEE stands for CO2 Energy Efficiency and the project is a collaboration of two Danish 
universities (Roskilde University and Technical University of Denmark), a construction 
company (NCC Roads) and the Danish Road Directorate. The project aims at investigating and 
reducing the rolling resistance of national roads and pavements, which is believed to cause high 
CO2 emissions. So far, Lemarchand has published four papers together with her research group, 
and in our project we decided to call their model the Lemarchand model. Lemarchand's model is 
also sometimes referred to as 'Cooee bitumen model' or four component united-atom model (see 
Glossary in Appendix).   
Lemarchand's research group investigates dynamical properties of bitumen, an important 
component of asphalt, on a molecular level. Bitumen is a mixture of many different chemical 
species (up to 106), appearing in different proportions, which requires analysis of samples every 
time a particular type of asphalt is under study. Therefore, modelling of bitumen always starts 
with agreement on the number and characteristics of molecules to be used. Lemarchand's group 
proposed a four-component model, following a so-called SARA classification of bitumen 
molecules (Saturates, Aromatics, Resins, Asphaltenes) (Hubbard, Stanfield 1948). Not only was 
the number of molecules reduced - the model neglects also some chemical properties of the 
molecules used (e.g. polarity, variety of molecules' alignments in the bulk). It is all done for the 
sake of clarity and so that the model can represent the general structure and behaviour of 
molecules in bitumen (Figure 6).  
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Figure 6. United-atom-unit models of the molecules in the Cooee model. (a) Docosane. (b) Resin. (c) Resinous oil. (d) Asphaltene. Yellow 
indicates sulfur atoms. (Source: Lemarchand et al. 2013 b) 
The Lemarchand model is, according to the theoretical classification of models introduced by 
Frigg and Hartmann (see Theory), a fictional creation, consisting of a set of fictional objects 
(models of molecules), put together in order to represent a part of real system (bitumen). These 
objects are bound by a number of equations that describe their behaviour and trajectory in a 
fictional coordinate system (fictional 3D). In Peirce's classification, the Lemarchand model is an 
iconic representation of bitumen. Moreover, it belongs to a category of mechanistic models 
described by Glennan, because it was developed to explain a microscopic mechanism of a 
natural macroscopic phenomenon (aging of asphalt).  
Lemarchand et al. run the simulation of their bitumen model in four variations (Lemarchand 
2013), using different bitumen compositions (representing different stages in the aging process), 
that are however ruled by the same principles (e.g. one chemical reaction transforming two resin 
molecules in one of asphaltene). This results in a generalisation of simulation's outcome – the 
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model not only represents a part of the world, it tries to determine a universal pattern of the 
mechanism on the molecular level.   
Using Tolk's classification (2013), the function of this model is foremost to gain new, not-
numerical knowledge. Due to a descriptive, tending to universal form of the Lemarchand model, 
it can be interpreted directly – it does not require 'translation' of analogies to understand its 
meaning. But this 'universality' has its limits – the simulations are run using values for 
parameters that resemble the real process of asphalt production, at specific temperature, pressure 
and density of the components.  
The research group based their model on both theoretical and experimental studies of 
microscopic (aggregation of molecules) and macroscopic (viscosity) of bitumen, made by other 
researchers. That is, the fictional entity proposed by Lemarchand et al. is grounded in existing 
theories and data, to which the authors contribute by testing their reliability. Their model was 
created in 2013 and remains unchanged, although the research question changes slightly: from 
investigation the aging process (2013), focus on stability of molecules' aggregates (2014) to 
evaluation bitumen's behaviour under shear flow (2015). Following Frigg's theory (2008), the 
more applications Lemarchand's model finds, the less it is changed (overwritten) and the less it is 
probable to fail as a fictional representation of the real system. 
Computer simulation is the main step in the development and testing of the Lemarchand model. 
The method used is Molecular Dynamics simulations (see Theory). The authors present all 
assumptions they made before running a simulation, which are mostly parameters kept constant, 
or structural simplifications (the same lengths of chemical bonds, standard models for force field, 
angle parameters, etc.). These assumptions lead to four-component united-atom model of 
bitumen through coarse graining methods, which we explained in the Theory. The choice of 
parameterisation is done carefully, and it enables authors to investigate different properties of the 
modelled mixture (diffusivity, viscous properties, rotational dynamics). The research group is 
aware of limitations of the model – so-called finite size effects that is a common issue in MD 
simulations. This proves that Lemarchand et al. aim at representing the real system and propose a 
model that is applicable. Figure 7 shows MD simulation box of Lemarchand’s model.  
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Figure 7. Snapshot of the configuration of asphaltenes (other molecules are present, but not included in the picture) in the model made 
by Lemarchand et al. (Source: Lemarchand et al. 2013 a) 
MODELLING APPROACH  
Both research groups from our case study (Greenfield’s and Lemarchand’s) are currently active, 
and we decided to use this opportunity to ask head researchers about their modelling approaches. 
The questions in our interviews are based on the theoretical components of a modelling 
approach, introduced in the theoretical part of our project (primarily Niss 2005). We tried to 
reformulate the theoretical criteria, so that we could also verify the above description of the 
model (and its functions, purpose, etc.). Both questions and answers are sent per email. 
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INTERVIEW:  
First, we treat the work you have done in the field of bitumen modelling as a consistent 
part of your scientific career. We assume you 'reasoned' in the same way in this research as 
in any other of your scientific researches. 
On the overall purpose of the model: 
1) Before you started working on the model of bitumen, what were your expectations 
regarding the output (was it data, mechanism, scientific statement)?   
Before I started, I expected to be able to come up with generic mechanisms which can explain 
some of the experimental observations on bitumen (for example how does bitumen age, how do 
molecules aggregate in bitumen). I usually prefer if the mechanism obtained as an output of my 
work is not only descriptive (for example, this type of molecule has this effect on the viscosity of 
bitumen and the aggregate size) but also quantitative (for example, a model of the aggregate size 
distribution giving the actual size of the aggregates in terms of an energy parameter). I think I 
expected both types of mechanisms. What I did not expect is to be able to predict data on a 
specific bitumen. Doing the experiments on that specific bitumen is a lot more adapted for that 
purpose.  
2) What kind of knowledge did you expect to obtain (regarding the purpose of your research)? 
Can you tell us more about the reasons you have been researching bitumen (how did it start)?   
The mechanisms that I expected to obtain are supposed to be generic enough to be applied to 
any bitumen. The purpose is really to understand something general about bitumen that can be 
then reused in different circumstances. A general statement about bitumen is easier to remember 
than a lot of particular statements and it also brings a more formal kind of knowledge, which can 
make it easier to compare with what we know about other systems (for example aggregation in 
bitumen is quite close for some aspects to aggregation in discotic liquid crystals) and then 
import what has already been done for these systems to the case of bitumen.  
The reasons I started to work on bitumen are very practical: I was looking for a job and the 
glass and time group offered a postdoc position in my area of expertise (computer simulations, 
physical chemistry, soft matter). The reasons why the postdoc position was funded are a bit more 
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grounded in applications: the position was part of a larger project aiming at reducing rolling 
resistance and fuel consumption on the road. Understanding how bitumen, which is one of the 
elements of road pavements, behaves and ages was necessary to make the pavement more 
durable. 
On the organisation of different models in the theory: 
3) Can you think of any elements in your model of bitumen that are characteristic of your 
scientific work? Are there any specific components (of this research) that are common to all 
your scientific researches? (maybe the structure of your work – investigating other scientists' 
findings / focus on discussion of possible errors / 3D, real-dimension interpretation / relevance 
for the field of the research in general / etc.)  
The organisation of my research is not so specific to bitumen, only the details are. The idea of 
finding a practical problem to solve or an experimental observation to explain with computer 
simulations is at the core of most of my research. It can be done either by discussing with 
experimentalists or engineers or by reading the work of other researchers in computer 
simulation and theory, who already have found such a problem. I then try to bring something 
else to the solution. As a young researcher, I am not alone in the process, I also discuss a lot 
with people in the research group, to help get new ideas or precise an idea or reorientate the 
work if it is a dead end.  
On the experimental validation:   
4) How far did you verify your bitumen model with existing research papers? (Did the 
verification involve mostly hard numbers, such as values of parameters, or primarily 
mechanistic understanding, such as microscopic behaviour of the material)  
What happened for the model bitumen is that we took as an input what is known experimentally 
of the chemical composition of bitumen. So that was supposed to be close to experiments. 
Actually, we discovered later that we misinterpreted some of the papers and that our initial 
composition of bitumen was not quite what was known experimentally. It did not matter too much 
for the generic mechanisms, but we are in the process of changing the chemical composition to 
match more closely experimental data. All of this is part of designing the model. Once the model 
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was designed, we also checked that the output was close to experimental data. We checked 
mainly the viscosity. The simulations give us a value for the viscosity of the model bitumen at a 
given temperature. We can compare this value to the broad range of experimental data giving 
the viscosity of all kinds of different bitumen. In our case, there was an extra step to compare to 
experiments: the temperature at which we can obtain a value for viscosity is very high compared 
to the temperatures where experiments are usually performed. So we had to extrapolate the 
experimental data to the range of temperatures where the simulations could say something. The 
simulation results were in that range, so we considered our model to be good enough, in the 
sense that it can at least reproduce the viscosity. Other quantities could have been checked of 
course, for a better agreement with experiments, but we wanted to spend time on understanding 
the mechanisms at play in the model rather than on designing a model closer to experiments.  
5) Did you verify your model on a regular basis, or was it something you did at the end of your 
modelling?   
Chronologically, I guess what happened was: find a few papers to help us choosing a chemical 
composition for the model (the work of Michael Greenfield was part of that), setup the 
simulations, compare the viscosity to experiments, do a lot of other things with the model (study 
of aging and nanoaggregation), discuss with Michael Greenfield and realise that the chemical 
composition is slightly off compared to experimental papers that we did not see at the beginning 
or misinterpreted, set up a new model, compare its viscosity to experiments...  
6) We know that you had met another bitumen researcher, Michael L. Greenfield. What was 
your attitude towards the results of his bitumen modelling? What would you say, in general, 
about differences between your results of bitumen modelling and his?   
The difference is not that big between what Michael Greenfield and us are doing. We both use 
the same tool which is molecular dynamics simulations, so we can expect similar types of results. 
We also based our first work a lot on what he did. However, he is a bit more focused on 
reproducing the specific chemical composition and viscosity of different known bitumen mixtures 
and we are a bit more focused on modelling a generic bitumen mixture. It was very nice to speak 
with him, because he had a more extensive knowledge of the experimental literature than we do 
and it helped us figuring out that our initial composition was not representative of what is known 
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experimentally. We could also exchange a lot on practical things happening when you simulate 
bitumen and how to deal with them. But we always kept in mind that his goal was to get closer 
and closer to a few real bitumen mixtures (and explore for example the effect of such and such 
changes in the chemical composition on the viscosity of the mixture) and that our goal was to get 
a model bitumen able to reproduce generic bitumen behaviors but simple enough so that 
analytical models can be derived from it and compared to what is known of other complex 
systems.  
On the acceptability of a model:   
7) In general, what makes a model acceptable for you? Do you have any criteria that are 
important for you, when you learn about some other scientist's model? (e.g. the model fits the 
existing data well / it has a strong background in microscopic effects / it should be 
interdisciplinary, trying to approach the subject from at least two different scientific angles / it 
needs to be universal / it should not contain too few variables / it should include some space 
for possible impurities etc.)  
I think I appreciate the most models which produce analytical solutions, because then you are 
sure of the assumptions made to obtain the results and the results itself is easy to check. Most of 
the times, these models are slightly too simple to reproduce all the complexity of nature, but 
because they are so well connected to what we already know and understand, they provide a 
strong base to be improved. Making a link between microscopic and macroscopic quantities or 
between different fields can be done in these models but it is not a requirement for me. Usually, 
these models do not contain too many variables, because the more variables it contains the more 
difficult it is to tell what is the effect of a change in a specific variable on the general behavior of 
the model. I am also appreciative of models reproducing closely experimental data, when then 
can say something precise about what ingredients in the model are the most important to 
reproduce this or this aspects of the experimental data. But personally, I tend to put less effort in 
this type of models and more in the first type I described.  
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LEVEL OF REALISM  
IS IT A MINIMAL MODEL  
There are multiple ways one can look at Lemarchand’s model of bitumen as a minimal model. 
First of all in their work, Lemarchand mentions that they do not try to create a realistic version of 
bitumen, including all the molecules of a specific type of bitumen, but rather aim at “capturing 
the characteristic properties of a typical bitumen” (Lemarchand 2013, a). This statement can be 
analyzed from the point of simplifying when creating a minimal model, where one includes only 
the most important parts of the phenomena for his purposes and neglects the “unnecessary” 
variables. Example of simplifying is a pure fact of how many molecule types Lemarchand 
decided to model in this simulation. There are four types of molecules - Asphaltene, Resin, 
Resinous oil, Saturated hydrocarbon - that are included in the model for the purposes of 
simulating the dynamics of bitumen (Lemarchand 2013, a) and investigating the chemical aging 
of bitumen  (Lemarchand 2013, b). In the case of choosing only four molecules to simulate 
bitumen, one can consider this being the only option that the researchers have, with the argument 
of limitations in computing power. However there are other groups that are trying to model 
bitumen (e.g. Greenfields work), and in their work they clearly use more than four molecules 
(however they still use the 4 classes). Therefore we can assume that this was a choice of 
“simplifying”, rather than just the limitations of computer’s power.  
An example of assumptions, which are also one of the characteristics of minimal modelling, is 
how Lemarchand simulated the chemical aging of bitumen in her work. As stated in 
Lemarchand’s work: “The aging reaction is modelled by the chemical reaction: “2 resins → 1 
asphaltene.” (Lemarchand 2013, b), we can recognize the assumption that were made before 
creating the model, namely the aging “formula”. As stated in section on minimal modelling, if 
the assumptions can explain the phenomena, they can be considered as acceptable. This is 
supported by the results (Lemarchand 2013, b) of Lemarchand’s work showed for the aging of 
the bitumen. 
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IS IT A REALISTIC MODEL  
Lemarchand’s team chose the temperature 452K for simulating, which corresponds to the 
temperature of processing and mixing bitumen with stones. This parameter is based on real 
world quantitative data as well as pressure which they chose to be 1 atm  (Lemarchand 2013, b). 
In the real world there is abundance of asphaltene molecules in the bitumen they are studying 
between 20%-36%. Their group took that fact into consideration and created 4 groups of bitumen 
to simulate. Each group has different abundance of asphaltenes which covers that range. These 
aspects of their modeling approach corresponds to a realistic model. 
VERIFICATION METHOD    
INTRODUCTION   
In this paragraph we would like to take a closer look into the verification methods in 
Lemarchand’s work and try to classify them according to what was established in the theory 
section on methods of verification. Ultimately, after performing similar analysis for Greenfield's 
work, arguments from these paragraphs will be used in the discussion section to compare the 
models of both research groups. We will be using Lemarchand's papers on bitumen from 2013 
(Lemarchand 2013, a) as a focal point in the next section.   
ANALYSIS   
First of all, it is important to look at Lemarchand's model from the perspective of the two main 
categories of verification process identified in the theory section - objectivism and relativism. As 
is common for modern scientists, Lemarchand combines the two methods rather than choosing 
one of them. She combines both methods, to verify her model in a manner that best suits the 
case.    
Following the objectivism philosophy, Lemarchand's model is based on empirical data. Her 
model consists of 4 molecules representing constituents in bitumen classification scheme. When 
describing the methodology behind her model, Lemarchand bases each of the molecule's 
structure, and parameters on experimental studies, as indicated in the following quotation: 
"Based on Nuclear Magnetic Resonance (NMR) studies Artok proposed an asphaltene structure 
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(…) which is adopted here. (…) For the resinous oil and resin, we use the structures by Rossini 
et al. and Murgich et al., respectively. (...) (Zhang and Greenfield) argued that the saturated 
hydrocarbons can be modelled by docosane (n-C22), since this molecule represents the average 
chain length found by Storm et al. this molecule is also used here." (Lemarchand 2013, a) In the 
conclusion part of the 2013 paper, Lemarchand argues that "The model predictions are in 
reasonable agreement with experimental data for diffusion and viscosity.". The model is being 
confirmed by observations and experiments, which could be classified as a confirmative 
validation, as according to Rehman and Pederson. (Rehman, Pederson 2012) 
As for the other main type of verification, relativism, it is present in the very core of 
Lemarchand's studies. The main idea of the Cooee bitumen model is the simplification of 
bitumen. It is not possible within a reasonable timeframe, nor useful to model the millions of 
particles bitumen consists of. Therefore Lemarchand chose 4 molecules to use in the simulation. 
The choice was based on the purpose of the model, specifically which parameters of the bitumen 
were to be studied. An example of that could be the study of chemical aging of bitumen. This is 
possible thanks to the inclusion of molecules that characterize the aging process. (Lemarchand 
2013, b) The model is later verified by comparing the results to the experimental data in 
literature, describing the bitumen aging process. It is also verified by the model's ability to 
predict behaviour in the system it is simulating. This part of the verification process can be 
classified as positive economics. Another aspect of the relativist methodology found in 
Lemarchand's work is, as it is usual among modern scientists (Carson 1989), the verifiability 
depends not only on the creator of the model, but also on for whom the model was created. In 
this case it was created for "the Danish Council for Strategic Research as part of the Cooee 
project (“CO2 emission reduction by exploitation of rolling resistance modeling of 
pavements”)". (Lemarchand 2013, a) Being part of a bigger project can be a basis for 
justification of assumptions made when building the model. Lemarchand's model has to satisfy 
the needs and requirements of the Cooee project, and that can be used to justify some of the 
choices made when constructing the model.  
To finish off we will look into the distinction between external and internal verification. Both of 
them are present in Lemarchand's work. All of the previously mentioned methods are external in 
function - assessing how well the model represents the system it simulates. On the other hand, 
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the internal verification is concerned with the mathematical abilities of the model, i.e. consistent 
with classical mechanics, thermodynamics conservation laws, etc. In the results and discussion 
sections Lemarchand describes the mathematical formulas used as the foundation of the Cooee 
model and how these formulas work during the simulation. 
GREENFIELD'S MODEL 
DESCRIPTION OF MODEL  
Michael Greenfield is the head of the Greenfield Research Group in the Faculty of Chemical 
Engineering, University of Rhode Island. His research group is interested in molecular processes 
that contribute to macroscopic properties of, primarily, fluids and polymers. Moreover, the team 
investigates properties of asphalt, which is treated as a system 'in-between' polymers and fluids, 
due to its chemical (molecular mass, small components joining in bigger structures) and physical 
similarity (viscosity) to both. So far, eleven publications (out of almost fifty) of the Greenfield 
Research Group appeared that focus on properties of asphalt.  
According to Frigg and Hartmann's classification of models, the Greenfield group's model of 
asphalt is a fictional entity created to represent a real system (asphalt, bitumen). In Peirce's 
classification, this model is an iconic representation of the original. Moreover, this model is, at 
least partly, mechanistic – it explains mechanisms happening on a molecular level of the asphalt 
system. It is therefore a model of phenomena rather than data (although it should explain existing 
data).  
Following Glennan's theory on modelling mechanisms (2005), this asphalt model comprises both 
behavioural and mechanical descriptions. First, behaviour of the modelled system is introduced 
(macroscopic cracking of asphalt chunks) and finally, mechanism responsible for the behaviour 
is explained (formation of nanoaggregates of asphaltene molecules).  
Greenfield's model of asphalt underwent major changes since the beginning of the research 
(2007). The newest articles (2014) present asphalt as a 12-component system, and list a number 
of adjustments made on previous models. These include polarity of the aromatic molecules, 
saturated molecules modelled differently than in prior articles, the molecules used (72 species, 
distributed over 12 molecule types based on their polarity, branch structures etc.) are larger than 
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before and side chain effects are considered. For the molecule types Greenfield uses the same 
SARA classification as Lemarchand et al. (see Figure 8). This implies that Greenfield research 
group's asphalt model is under constant development. Significant structural changes are made 
and they are perceived not as corrections, but as improvements. That is the previous versions 
were not wrong as such, but newer compositions reflect real bitumen better. This means that 
previous versions of the same model are abandoned and seen as incomplete in comparison to the 
newer ones. Using terminology from the theory we introduced before, they have no intrinsic 
value and are not considered intellectual entities. The only way they could be 're-cycled' and 
used again is the case when the newer models would be proven wrong in one of substantial 
assumptions. However, the process of refining the model is continuous, so the articles published 
earlier are the proof for existence of previous versions, not previous, independent models.  
Figure 8. Graphical representation of molecules in Greenfield's moedel bitumen system. (Source: Greenfield et al. 2013) 
As it was mentioned before, Greenfield's model is a representation of a target system. Using 
classification of models' functions introduced by Tolk (2013), it is used to gain new knowledge, 
which is foremost understanding of macroscopic phenomena. The research group investigates the 
properties of their model in order to understand the regress of asphalt used for road industry.  
This model uses physical and causal analogy. Molecules and microscopic effects are approved 
scientifically and tested using laboratory techniques (e.g. desorption studies). The interpretation 
of the model's results is straightforward; it requires scientific knowledge, but no abstract 
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'translation' of elements into reality. The molecules and molecular structures (nanoaggregates) 
used in the model correspond to existing matter.  
When it comes to correlation between the model and a theory, the proposed bitumen model is not 
in contradiction to any scientific publications in its field. According to Greenfield (2011), the 
group uses quantum mechanics, coarse graining (see Theory: Computer simulations) and 
thermodynamic model to justify their choice of model's components and mechanisms. 
Theoretically, Greenfield model is more than a scientific statement (like a theory), and it can be 
used to collect data (like an experiment). It could be proven wrong, because it models a 
macroscopic phenomenon (which can be simply not observed in reality).  
Greenfield's research group uses computer simulations, Molecular Dynamics in particular, to 
execute their model. They let the elements of the modelled system interact with each other to 
determine their behaviour. Moreover, they use a so-called structure elucidation, when they use a 
developed computer algorithm that generates structures of molecules consistent with the 
empirical data (which serves as an input). One of the group's publication is a review on 
modelling and simulation of asphaltenes and bituminous materials. They present there an 
overview of existing simulation approaches, some of which take many microscopic parameters 
into account (e.g. energy levels). The simulations of Greenfield's model are undoubtedly 
structural, because they are modelled by putting together elements similarly to the structure of 
the real system. The team focuses on maximising the resemblance of the model to the target 
system in terms of microscopic properties.  
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Figure 9. Example of a simulation box in Greenfield's work (Greenfield 2007).) 
MODELLING APPROACH  
We were fortunate to conduct an interview with Michael Greenfield, asking the same questions 
we used in the interview with Claire Lemarchand. We believe it to be a good way to compare the 
scientific reasoning of both researchers and gain insight into their approaches to modelling.  
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INTERVIEW:  
First, we treat the work you have done in the field of bitumen modelling as a consistent 
part of your scientific career. We assume you 'reasoned' in the same way in this research as 
in any other of your scientific researches.  
On the 'overall purpose of modelling':  
1) Before you started working on the model of bitumen, what were your expectations 
regarding the output (was it data, mechanism, scientific statement)?  
2) What kind of knowledge did you expect to obtain (regarding the purpose of your research)? 
Can you tell us more about the reasons you have been researching bitumen (how did it start)?  
I keep answering these questions together in my mind as I’m typing this, so I decided to write a 
unified response.  
My initial expectations with this project were that it would be possible to create a chemically 
realistic model of a bitumen on a molecular level. Such a model would allow modifications and 
modification strategies to be explored in a modeling framework. My underlying hypotheses and 
assumptions – which I realize in retrospect that I did not question enough at the time –were that 
(1) doing modifications to bitumen would be useful in the first place, and (2) understanding 
modifications could be possible over the length and time scales that were achievable using 
typical molecular simulations, i.e. nanometers and nanoseconds. (This was before the GPU 
revolution led to simulations being of order microseconds, as is typically done using RUMD.)  
The project started because of interest from development engineers at the Department of 
Transportation of the state of Rhode Island. You can think of them as my local equivalent of Erik 
Nielsen [edit: Researcher at Danish Road Directory, partner in Cooee project]. They were 
interested in funding new research that they could eventually find useful, and I was willing to do 
almost anything that was appropriate for the length and timescales of my research tools and for 
which I could receive research funds. (Sometimes you may hear that a professor can research 
whatever they want. In engineering and applied science, I would say that professors and their 
groups can research whatever they can convince someone else to pay for.)  
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My initial goals for the project were quite ambitious. If I knew enough about bitumen at the time, 
I would have recognized that using molecular simulations was unrealistic due to the complexity 
of the system. Instead, I didn’t know very much, and we tried to proceed. We made some initial 
progress, and that brought us further than we expected. (This is our papers from 2007.) Then we 
modified those systems to improve their many shortcomings, and this led to our papers in 2008 
and 2010. Then we modified those to create a third set of models that overcame shortcomings 
once more. The Cooee models came along sometime between our 1st and 3rd generations of 
bitumen models.  
I’m looking again at question 2. The knowledge that I hoped we would attain would be ways to 
explain why bitumen modification strategies, such as adding polymers, can be successful. I 
anticipated that we would reach the stage of having graphs that showed viscoelastic and 
mechanical properties as a function of additive composition, and we would be able to use 
specific cases from the simulations to illustrate why the modified systems performed better.  
On the organisation of different models in the theory:  
3) Can you think of any elements in your model of bitumen that are characteristic of your 
scientific work? Are there any specific components (of this research) that are common to all 
your scientific researches? (maybe the structure of your work – investigating other scientists' 
findings / focus on discussion of possible errors / 3D, real-dimension interpretation / relevance 
for the field of the research in general / etc.)  
The common thread across my various research projects is incorporating the complexity of a 
real-world system into the idealized world of statistical mechanics and molecular simulations. 
Examples of this from across various projects are 
 Surface-active lubricant additives within automatic transmission fluid, which control 
sliding friction in boundary lubrication. This is work that I did while working in the 
research labs of Ford Motor Company in my first job after my PhD.  
 CO 2 /fluid air conditioning systems. This was my most successful project at Ford from 
an engineering perspective. We addressed why the process should work at all from a 
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thermodynamics perspective, and which fluid should be chosen, and why. This involved 
more macro-scale thermodynamics and chemistry, rather than molecular simulations.  
 Model fuel compositions. This was also at Ford, and it inspired me to pursue the model 
bitumen compositions after I started as a faculty member at Rhode Island.  
 Bitumen simulations. See more below...  
 Tire elastomers and filler effects within them. This is work in progress.  
 Ultraviolet absorber additives in polymers. Unfortunately we never published this work 
when it was timely.  
 Polythiophene polymers and their conformation effects on electronic properties. 
My background and education in the US is as a chemical engineer. What that implies is that I am 
interested in how the specifics of a system lead to the differences between a qualitative “75% of 
the answer” that can come from a general or idealized model, and the additional nuance and 
subtlety that explains another 20 to 24% of the problem. An easier example than bitumen is 
given by liquid-vapor phase equilibria. Raoult’s Law (chemistry) explains how an ideal gas and 
an ideal solution are in equilibrium, meaning that the liquid compounds are exerting “just 
enough” vapor pressure. What a chemical engineer does is to introduce correction factors on 
each side that account for how the gas and liquid phases are not really ideal. On the other hand, 
a chemical engineer in the US is often further from the practical situation than a process 
engineer in Germany. (I don’t know enough about the Danish system to comment specifically.) I 
suspect that I would be an applied chemist or applied physicist in Europe, and that is probably 
why I share interests with people in Prof Bailey’s department, rather than with Danish 
researchers in engineering departments.  
So back to bitumen ... the features of our research here that are common to my general approach 
is how we look to incorporate as much of the chemical complexity as we can, while recognizing 
that we can’t account for everything. This is part of what has led us to have 12 compounds in our 
model, while the Cooee model has 4 compounds. We have several different compounds within 
each “class” of compounds in bitumen (asphaltenes, resins, aromatics, saturates), which allows 
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us to include a variety of functional groups and chemistries. We can have a range of chain sizes 
and molecular weights, and molecules can be interacting more often with other types of 
neighbors rather than with identical molecule types. This may be closer to the real system, but it 
also comes with a cost of keeping track of many more types of molecules. The amount of possible 
data analysis can quickly grow far beyond what one can do while looking carefully at each 
result.  
On the experimental validation:  
4) How far did you verify your bitumen model with existing research papers? (Did the 
verification involve mostly hard numbers, such as values of parameters, or primarily 
mechanistic understanding, such as microscopic behaviour of the material)  
I have tried to have us verify our model whenever it is possible. Usually this involves some 
nuance and extrapolation, such as comparing molecule rotation rates in our model bitumen at 
533 K with experimental rates for single asphaltene molecules (extracted from bitumens) in 
toluene at room temperature. While the temperatures are very different, the viscosities are 
similar, and that is a primary factor that affects rotation rates.  
Some comparisons are easy in molecular simulation. Mass density is an example of a 
comparison that is easy for a simulation person and almost worthless for an experimentalist. 
Bitumen has a density near 1.05 g/cm3, and it varies so little that experimentalists don’t spend 
precious resources on measuring it.  
One difficulty is that it is tough to measure the kinds of things that we can simulate. I think that 
verifying is important whenever it can be done. Comparing each of the things you mentioned –
specific numbers, mechanisms, microscopic behavior – is useful because they test out a model 
indifferent ways. A number can agree for the wrong reason, for example. We had that happen for 
our first model bitumen, and we didn’t realize it until much later. Comparing the numbers wasn’t 
enough, because it was when we investigated the underlying mechanisms later that we found 
anew weakness of the initial 3-component model bitumens.  
5) Did you verify your model on a regular basis, or was it something you did at the end of your 
modelling?  
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It is always something that we think of as we write up papers. Comparing early and often is best, 
but it is not always easy to do for systems such as bitumens that are difficult to define on a 
molecular scale.  
6) We know that you had met another bitumen researcher, Claire Lemarchand. What was 
your attitude towards the results of her bitumen modelling? What would you say, in general, 
about differences between your results of bitumen modelling and hers? 
I would say that the Roskilde group – meaning including contributions from Jesper Hansen and 
Claire’s other collaborators along with the many strong contributions that come directly from 
Claire – has focused more on the underlying physics, while we have focused more on the details 
of the bitumen chemistry. The Roskilde group has done an excellent job at achieving statistical 
sampling that is beyond our expectations and dreams. This provides their work with well-
deserved statistical significance that reinforces which underlying physics happen often and 
which situations occur sometimes, but rarely.  
The Cooee bitumen system is simpler than my group has chosen to simulate. It leaves out 
charges and some chemical distinctions, for example. On the other hand, those features (and the 
RUMD code) also allow for much more extensive simulations, so the conclusions that maybe 
drawn are much more definitive. I’m more of a “shades of gray” person than a “black-vs-white” 
person, so I feel that having some simulations using both approaches is much better than having 
only one kind of simulation or the other.  
On the acceptability of a model:  
7) In general, what makes a model acceptable for you? Do you have any criteria that are 
important for you, when you learn about some other scientist's model? (e.g. the model fits the 
existing data well / it has a strong background in microscopic effects / it should be 
interdisciplinary, trying to approach the subject from at least two different scientific angles / it 
needs to be universal / it should not contain too few variables / it should include some space 
for possible impurities etc.)  
I remember hearing several useful sayings about models, though I don’t remember the sources. 
(I suspect a web search would help.) One saying is that a model should be as simple as possible, 
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but no simpler. In other words, the model should simplify the pieces that are not important in 
appreciating the important nuances in a problem, while it maintains the pieces that are 
important. The image that comes to mind for me is from a seminar back in graduate school. A 
visitor discussed how they used finite element modeling to study how glaciers moved in 
Antarctica. Their simulations spanned a bit of the continent, and the smallest fundamental length 
scale was of order 10 to 100 km. I was doing molecular simulations, so my relevant length scales 
at the time were 10 -10 m! For the number of grid points and features that they had, though, and 
for the questions they wanted to answer, it seemed reasonable to neglect features that were 
smaller. For bitumen models, this means for me that the model can replicate the standard kinds 
of chemistries that are known to have impacts on how bitumens perform. Achieving the right kind 
balance of phase stability and instability is one example of a feature that I would want a bitumen 
model to show. Being able to relax over relevant time scales is another.  
Another saying is that when a modeler presents results, the only person in the room who believes 
the results is the person who did the modeling. When an experimentalist presents results, 
everyone believes the results except for the person who ran the experiments. We have to 
remember that a model is still only a model. If it helps us to think more clearly about a real 
system, then it is a useful model. If it doesn’t help us to understand systems better, to design 
improvements, and to suggest interesting experiments, then it isn’t so useful.  
I find it humbling sometimes that my most useful models are not necessarily from molecular 
simulations. At Ford, the model fuel compositions ended up being useful within engine 
simulations. By using a multicomponent fuel instead of pure isooctane, other models of engine 
behavior were able to provide much more accurate results at only a small increase in 
computational cost. A limit there was that the model had to be really simple. (Claire and peers 
will appreciate that the model had to be simpler than I would have liked.) Essentially we had to 
create an ideal model that acted like a non ideal model. Then we had the speed of simplicity with 
the accuracy of complexity, or at least we had it until the chemistry and non-ideal interactions 
became too complex. The model was simple enough to use and to reflect the key physics (which 
was that fuel evaporation can occur over a range of temperatures, rather than at a single 
temperature), which it was not so complicated that it was too difficult to implement.  
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I am hopeful that all of our bitumen simulations – whether it is our 2014 model, or the original 
Cooee, or a “Cooee II” that Claire and I developed last summer – lead to understandings and 
insights that interest both us and our experimentalist colleagues. It is the ideas from our 
simulations that I hope will ultimately help our transportation peers to make better roads. While 
I think it will be a long time before a road engineer decides that they need to run one more 
molecular simulation before they complete their road design, I do hope that they will find that 
our results (both URI and RUC) useful for thinking of new ideas and developments. 
LEVEL OF REALISM  
IS IT A MINIMAL MODEL  
When approaching to analyse Greenfield’s model from the view of minimal modelling, one will 
notice right away that one of the signs of minimal modelling is using 4 main classes in bitumen 
composition: polar aromatics, asphaltenes, saturates, and naphthene aromatics(Greenfield 2013). 
However when investigating his work further we notice that using 12 compounds is a choice 
Greenfield made because of the limitations in knowledge and computing power, rather than just 
focusing on what he wanted to investigate, whereas Lemarchand’s choice of number of 
compounds was due to the overall goal of the work and simplification. But one can still consider 
this a sign of minimal model, when looking at the total number of compounds present in 
bitumen, which is on a scale of millions.   
In creating a model Greenfield had to make some assumptions as a part of his research. One of 
the examples of this can be statement: ”We assumed here that the fluctuations of the stress tensor 
can be quantified by the fluctuations of its symmetric, traceless form.”(Greenfield 2014) This is 
one of the examples of how a person has to make some assumptions in order to create a minimal 
model.   
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IS IT A REALISTIC MODEL  
Greenfield’s work includes a good deal of consideration about things that affect behaviour of 
bitumen in real life and one can clearly see it in his papers. 
In the beginning in Greenfield’s paper from 2007 they talk about their literature and sources in 
very detailed way. Before using them as source they tried to dig a little bit more into their 
sources to find out if it is reliable. For reader, this step develops an opinion that Greenfield wants 
to decrease a chance of building a project on wrong basis as much as possible and he wants to 
make work just on real facts (Greenfield 2007). 
The reader can sense realistic approach from the beginning of reading Greenfield’s papers. The 
way in which he handles the problem (e.g. Greenfield includes every detail possible in his paper 
and reader notices it). Some examples of including every detail possible can be: 
First they made a simulation of compound consisting only from one type of molecules in 2 
different ways (Monte Carlo and molecular dynamics) each of those 2 ways were slightly 
different. When they got results from both of those simulations, they concluded that those 
molecular simulations are capable of predicting thermal contraction and expansion of pure 
compounds (similar hydrocarbon functionalities to those what were found in asphalts. 
(Greenfield 2007) 
After single molecule modelling they continued with small molecule mixtures and at the end 
with asphalt-like mixtures. This step by step model developing and evaluation after every step let 
them to better understand their model and gave them chance and opportunities (between steps, 
after evaluation of their results) to see if they are heading the direction they wanted to. 
Besides early mentioned the one-type-molecule pure compound simulation Greeenfield’s team 
includes a great deal of detailed tables with many variables and properties, e.g. density results, 
molecular weights, heat capacities, isothermal compressibility, coefficients of thermal expansion. 
Also they included a certain amount of real world experimental data what could be used for 
creating and improving accuracy for their simulation. 
While Greenfield was working on this project he tried to avoid using assumptions as much as he 
could. I think he wanted to have every data form the real word, he did not want to make any 
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assumptions in case it would affects some parts of their research and led them to wrong 
results/data what then could lead to wrong conclusion of their work. 
Reader gets strong impression that Greenfield tries to pack his papers vit a lot of data and make 
his work to be as much accurate as it can be. 
VERIFICATION METHOD  
INTRODUCTION 
In this paragraph we would like to take a closer look at the verification methods in Greenfields’s 
work and try to classify them according to philosophies defined in the theory section on methods 
of verification. A similar analysis was performed for Lemarchand's work, and it is recommended 
to read that section first. As both researchers' models are analogous on the conceptual level, 
which is a basis for assessing verification, the following analysis will refer to the prior section on 
Lemarchand's verification method. Arguments from these two paragraphs will be used in the 
discussion section to compare the models of both research groups. The following text will be 
mainly based on the two most recent papers on bitumen by Greenfield 2013/14. (Greenfield 
2013) (Greenfield 2014) 
ANALYSIS   
Firstly, we would like to study Greenfields's model from the perspective of the two main 
categories of verification process mentioned in the theory section - objectivism and relativism. 
As in the case of Lemarchand, Greenfield combines the two methods in order to verify his model 
in the way that best suits his case.    
Greenfield's model is based on empirical data, what is in accordance with the objectivism 
philosophy. He is simulating a 12-component system. Contrary to Lemarchand's model, each 
constituent in the bitumen classification scheme is represented by several molecules. In the 
method section of his paper on "Viscosity, relaxation time, and dynamics within a model asphalt 
of larger molecules" (Greenfield 2014) Greenfield defines experimental studies by other 
researchers, as a source for each molecule's structure and parameters, as can be seen in the 
following quotation: "Asphaltenes are from Mullins (…) The sizes of these molecules are 
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consistent with two-step laser desorption studies (...) Saturates are branched or naphthenic, 
consistent with characterizations that find relatively few linear alkanes in a bitumen; this 
contrasts with our choosing n-C22 in prior models. Naphthene aromatics are taken from asphalt 
literature. Polar aromatics were identified in geochemical studies. These molecules are larger 
than those proposed in our prior model asphalts." (Greenfield 2014) In the conclusion part of the 
same paper Greenfield indicates that "The viscosity of this new model asphalt follows trends of 
experimental data for some real asphalts. Also, the viscosity predicted for this new model asphalt 
is larger and closer to experimental results compared to that for our previous model of AAA-1 
asphalt.". Greenfield verifies his model by confirming the results with observations and 
experiments, which can be classified as a confirmative validation, as according to Rehman and 
Pederson. (Rehman, Pederson 2012) 
The other main type of verification, relativism, although not so vivid as in Lemarchand example, 
is still present in Greenfield work. The AAA-1 model tries to include as many different 
molecules as possible, and increases their number with every iteration. Yet, it is not possible for 
the researchers to include all of the millions of particles forming the real bitumen. Therefore, 
they had to make decisions in choosing one molecule over the others. Besides obvious 
limitations as the computational power and time, choice of molecules was dictated by the 
purpose of the model, indicated in each study. This is an indication of relativistic philosophy. 
Consequences and conclusions from these premises are similar to what was written in the section 
on verification of Lemarchand's model. One more example of relativistic methodology found in 
Greenfield's work would be that, as it was the case in the Lemarchand work, verifiability of the 
model in question depends nearly as much on the creator of the model, as on for whom the 
model was created. Greenfield's research is done for "Strategic Highway Research Program at 
University of Rhode Island Transportation Center". (Greenfield 2007) 
Lastly, as in the other researcher case, we can examine the verification process as external or 
internal. Previously mentioned methods assess how well the model represents the system it 
simulates, and so are external in function. Results and discussion sections in the aforementioned 
papers inspect how physical and mathematical properties of the model are conserved during the 
simulation process. Looking from the perspective of Rehman and Pederson (2012) presented in 
our theory section, it is an example of internal verification.   
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DISCUSSION 
In the first section of this discussion we will use some of the arguments from our case study to 
answer the problem formulation. We will use these points to compare the cases based on major 
differences in their modelling approach. We will then use the comparison to help explain the 
scientific reasoning behind simplifying models, in molecular dynamics simulations of complex 
liquids.  
We have interviewed Lemarchand and Greenfield and we will use these interviews in this 
discussion. This discussion will then be summed up in the conclusion.   
  
In our project, we wanted to investigate different approaches to modelling, with a focus on 
simplification. We named two approaches, minimal and realistic, and our aim was to classify the 
cases as either of the two approaches. To decide whether a model is realistic or minimal, it is 
important to consider multiple properties of a model, as well as the method of creating a model, 
and the purpose of it. It is not possible to categorize a model as being minimal or realistic, if it is 
understood that minimal and realistic are opposites of each other. So we cannot say that 
Lemarchand's model is purely minimal and Greenfield's is purely realistic. This is due to both 
models containing aspects from both categories, minimal and realistic. With this in mind we can 
still consider the models to be leaning more towards one side or the other. When comparing the 
two models we can recognize more signs of one or the other approach in a particular model. We 
analysed the publications of the two groups, based on the assumptions made by both researchers, 
the way they apply the theory, simplify the theory related to the assumptions, the number of 
details included in their studies. We also looked at the number of molecules in each model, level 
of realism and detail, the time scale, outcome of the model, and the overall purpose of the model.  
Looking at the assumptions each group made when creating the model, we notice there are fewer 
assumptions in Greenfield's papers; his models were focused more on experimental results, 
rather than assumptions. One of the papers by Lemarchand's group is based on the assumption 
that the aging of bitumen is due to 2 resins combining into 1 asphaltene.  However we have to 
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mention that both models have a certain amount of assumptions (read case study - minimal 
models). But in Lemarchand's work the assumptions are more prominent.   
When considering the number of molecules in each model, we understand having higher number 
is considered to be more realistic. Given this understanding we assume that Greenfield's model is 
the more realistic of the two, due to having 12 molecule types compared to the 4 used in 
Lemarchand's. The number of molecules types differ by a factor of 3. This might seem like a 
small difference, but in reality it might have a much larger impact. This might be due to that a 
larger variety of molecules allows for many more possible distinct interactions (see interview 
with Greenfield question 3).  
Lemarchand's research group used the four-component united-atom model of bitumen, applying 
coarse graining. This leads to parameterization (see Glossary in Appendix 1) of the molecules 
interactions, which allows for fewer bond angles and pair forces to be calculated in each time 
step. Because of this four-component united-atom model, fewer details are added into the 
simulation, this is common for a minimal model.   
The time scale, meaning the amount of time simulations represent, is another factor that has to be 
taken into consideration when determining the modelling approach. Lemarchand's four-
component united-atom model includes fewer calculations per step, due to fewer parameters. 
This leads to the ability to make more time steps, which leads to the possibility of simulating 
longer time intervals. We consider longer time periods to be more realistic, because changes can 
happen in microseconds that would not necessarily be observed in a nanosecond simulation. In 
this sense, Lemarchand's model is more realistic than Greenfield's.  
In the interview Lemarchand mentions the differences in the purposes of each group's models. 
Lemarchand's group is focused on making a generic model of bitumen, whereas Greenfield's 
group is focused on a specific bitumen's viscosity. Furthermore Greenfield's group is focused on 
a specific types of bitumen from certain areas and their viscosity, where Lemarchand's group is 
trying to give a general representation of bitumen.  
When talking about a realistic model, it is important to consider that realistic is a relative term. It 
is not possible to make a completely realistic model, if the understanding of a "realistic model" is 
that it will replicate the real thing. For example if one tries to simulate water and actual water 
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starts pouring out of the computer, then the model could be considered realistic. However, this 
will never happen, at least not in any close future. Therefore there has to be a different definition 
of what a realistic model is. This definition is purely the researcher's point of view. As an 
example we can again look at the number of types of compounds used in each case. It is possible 
to consider a model of bitumen that uses 12 compounds as being minimal, compared to the 
millions of compounds found in real bitumen. However, compared to Lemarchand's model, 
where only 4 compounds have been used, 12 seems to be a more realistic approach.   
  
As Lemarchand is a part of the Cooee group, the purpose of the work is to create a general model 
of bitumen that would help understand the important properties, such as aging and rolling 
resistance. This lead the group to create the model in a way that only the most important 
properties were included and everything else was simplified. By simplifying as much as possible 
the group optimized their simulations so that the time it took to gather relevant data from one 
simulation was decreased, which in turn made it possible to increase the total number of 
simulations. Moreover, because the model by Lemarchand et al. was supposed to be general, 
'universal', her research group reused it in a number of publications, for different purposes and 
with different outcomes.  
As can be seen in the interview with Lemarchand, the way she and her group conducted the 
study on bitumen, and simulated it, was consistent with her modelling experience and previous 
scientific work. She admitted that analytical solutions are most valuable for her, when one can 
verify the modelling structure with a real mechanism (as it is also the case in the bitumen four-
component atom-united model). This is consistent with Niss theory (2005) that modelling 
approach is like 'a personal style' of a researcher and it is present throughout one's scientific 
career, was proven correct.  
In the interview, Lemarchand told us about an overall organisation of her scientific work. We 
learned that Lemarchand values exchange of knowledge and opinions with other researchers. At 
the beginning of a modelling process, she usually investigates existing (experimental) literature 
and tries to explain it with a computer simulation. This shows that what underlies her approach 
to modelling is her will to explain some natural phenomena, together with other scientists and for 
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a common benefit. The group works toward supporting the existing theories in the field of their 
ongoing research, rather than trying to disprove it or oppose to the current theories. The research 
group began the process of modelling bitumen by reading relevant literature; later, after running 
the simulations, they verified their results with existing data multiple times; in case of missing 
data, they extrapolated the outcomes so as to determine whether it lies in the ranges known (in 
case of high temperatures). The experimental validation, mentioned in theory of modelling 
approaches by Niss (2005), is an important part of Lemarchand's modelling process, despite 
experiments being a different class of scientific activity, as we have claimed in the theoretical 
part of our report (see Theory: Model vs. Theory vs. Experiment).  
  
Greenfield is a chemical engineer, this affects the way he creates his models. His projects 
represent complex intermolecular mechanisms as idealised statistical mechanics and molecular 
simulations.   
In the interview, when asked about the initial expectations of the model, Greenfield said that he 
expected to create a "chemically realistic model of a bitumen on a molecular level". He hoped 
that he would be able to create graphs that could show some of the properties of bitumen and 
how they changed when the composition was altered. Greenfield hopes that doing this research 
will lead to a better understanding of bitumen, which means we could make alterations in order 
to create better roads.   
The verification process for Greenfield is an important part of his work. He tries to verify his 
results as much as possible, and preferably early on in the process. However, some extrapolation 
and approximation is necessary, as there is not enough empirical data for all the simulations. For 
example the temperatures used in the simulations are much higher than those measured 
experimentally.   
Greenfield describes usefulness of a model as: "If it helps us to think more clearly about a real 
system, then it is a useful model." So a model can be accepted as useful when either it can help 
us understand the system better, design improvements, or at least suggest interesting 
experiments. This definition of usefulness shows which factors play an important role in his 
modelling approach.   
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When talking about the differences in the two groups modelling bitumen, we recognize that 
Lemarchand's model, the four-component united-atom model, is focused mainly on generic 
properties of bitumen without specifying to a particular bitumen. With her assumptions 
Lemarchand neglects many details that Greenfield finds important to include. The general 
impression that Greenfield's papers leave, is that he is very much focused on more detailed 
description of a real bitumen. In his models he includes polarity, bond angles and distribution of 
mass within molecular types. On the other hand, Lemarchand's work leaves the impression of 
focusing on common properties of bitumen. According to the interview with Greenfield, 
Lemarchand's model is very precise in statistical sense. Our impressions are supported by the 
following quote from the interview with Greenfield: "I would say that the Roskilde group […] 
has focused more on the underlying physics, while we have focused more on the details of the 
bitumen chemistry."  
Even though both groups model the same target system, they approach it differently, focusing on 
different aspects in different fields of science. It may therefore be important to look into 
modelling approach and scientific background of scientists in order to explain where the 
differences come from and why they are there. Lemarchand's group has a focus on the 
underlying physics, for example they do not focus much on some chemical distinctions, they 
instead focus more on statistics of intermolecular interactions (see Greenfield's answer to the 6th 
question in the interview). Greenfield group's more chemical approach is more interested in the 
details of the individual molecules, these have small effects on how molecules interact, or 
possibly even react. The physicist model could not show the specifics of molecular reactions.  
With this in mind we could assume that from a physicist's point of view, both models would be 
considered realistic. And for a chemist, both would seem minimal (simplistic). 
When determining the scientist's reasoning behind the choice of modelling approach, we 
consider various aspects, mainly the researcher's experience, educational background, purpose of 
the model, and a number of limitations. By researcher's experience we understand the types of 
model the researcher has worked with before. And by background we mean the field of science. 
By purpose of the model, we talk about what kind of information the researcher tries to obtain 
and what the information will be used for. When making a model limiting factors can be for 
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example computer power, time frame, lack of theory and/or experiments. These factors can have 
a significant influence on the choice the researcher makes when creating a model.  
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CONCLUSION 
Through research in area of philosophy of science with a focus on modelling, and the modelling 
approach different research groups have when creating models of bitumen, we tried to 
understand the scientific reasoning behind simplification in molecular dynamics simulations of 
complex liquids. First we explained what is a model and defined minimal and realistic models, 
with a focus on the differences between the two. We analysed the cases of two groups modelling 
bitumen through literature study and conducted interviews, to find the reasons why they use their 
particular modelling approach. We also focused on the implications of using the two modelling 
approaches, minimal and realistic.   
After discussing different aspects of modelling approach, we concluded that there are a few 
features that significantly affect scientist's decision on what type of model use. The first feature 
is the researcher's experience, for example the models that the researcher has worked with before 
in the past. We observed that if the researcher has already had an experience with making a 
realistic model and was asked to create a new model, the researcher would probably choose the 
same approach. Educational background is another factor that influences the choice that the 
researcher makes. Purpose of the model also has an impact on the choice, if the purpose of the 
model is for example making a simple generic model of a phenomena, it would seem to be more 
appropriate to use a minimal model. Finally, a number of limitations such as the computational 
power, the accessible knowledge etc. affects both scientist's approach and a final form of the 
model. These are the most important components of scientific reasoning that influence 
researcher's modelling approach.   
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APPENDIX 
APPENDIX 1: GLOSSARY 
Coarse graining: in simulations it means that there are chemical properties that have been 
eliminated in the simulation to gain a larger time interval, because of the limiting computing 
power. eg. degrees of freedom of bonding angles. read more in the Theory section under the 
heading Computer Simulation in the theory chapter 
Cooee: CO2 Energy Efficiency. 
Epistemology : branch of philosophy that questions what knowledge is. 
MD: Molecular Dynamics. 
MS : Model Simulation. 
Ontology: A branch of philosophy regarding metaphysics, that deals with the nature of being 
and is related to subjects such as reality, existence etc. Ontology deals with questions regarding 
existence of entities. 
Target system: Is the term that is used then we talk about modeling just a part of the real world 
The important point is that the model is striving to look like its target system, in other words the 
goal is to get the model to look like it is aiming to "be like" that. A model can be a representation 
of a selected part of the world (the ‘target system’). 
Parameterization: Process of deciding and defining the parameters necessary for a complete and 
relevant specification of a model. 
United-atom model : A coarse grained model that consists of simplified molecules, where some 
atoms are not explicitly included, but only implicitly through parameterization. As a result there 
is less data to be processed, which makes it possible to run the simulation longer. See more in the 
theory chapter under computer simulation above figure 3. 
  
  
A-2 
 
APPENDIX 2: OTHER RESEARCHES ON BITUMEN  
Claire Lemarchand's and Michael Greenfield's research groups are not the only scientists in the 
field of bitumen and asphalt composition and their molecular behaviour. In fact, the topic of 
aging of asphalt and processes behind it have been under investigation for a few decades. It has 
been done both experimentally and with the use computer simulations.  
In 2000, Estrella Rogel (Caracas, Venezuela) used molecular mechanics and molecular dynamics 
methods to simulate formation and stabilization of so-called dimers of asphaltene and resin 
molecules, using four average structures of such. In 2003, in the same journal 'Energy&Fuels', 
using the same MM and MD methods in addition to NMR spectra 
of asphaltene samples, Toshimasa Takanohashi et al. (Tsukuba, Japan), presented results of 
thermodynamic studies on asphaltene aggregates. They claimed there exists an 'energy-minimum 
conformation' and aggregation structure changes with temperature. In 2010, a physical chemist 
Francesco Frigerio (San Donato Milanese, Italy) wrote an article in which he showed the 
dependence of nanoaggregation of crude oil molecules on solubility. Performing Molecular 
Dynamics simulation, he used, like other researchers before, average molecular 
structures. Frigerio arranged a low density solution in a periodic box, with 5-
10 aphaltene molecules and 20-50 solvent molecules. He stated that time and length scale 
prevented his simulation from exploring further 'cluster evolution' (that is, aggregation 
of aphaltene). In 2011 two civil engineers Rafiqul A. Tarefder and Iffat Arisa (New Mexico, 
United States) investigated thermodynamic properties of asphaltene and resin before and after 
oxidative aging. Simulating different levels of oxygen content in the computed 'sample', they 
analyzed the outputs to determine density, glass-transition temperatures and kinetic and potential 
energies of the systems. These examples show the variety of faculties and countries where 
scientists and engineers research the field, and at the same time, applicability of MM and MD 
simulations for different purposes.  
